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line 10 should read: "February 1966".
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lines 13 and 14 should read: "positions of the neutral
point and the manoeuvre pdint and the various dynamic
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The values of C_ on the left haﬁd side of the graph should

Z
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Summary.

The paper deals with experiments to test a method for determining
aircraft performance, stability- and control characteristics from
measurements in non-steady flight. The instrumentation system used has
been discussed in a previous paper, presented at the Third International
Flight Test Instrumentation Symposium. The present paper discusses the
methqd of analyzing the measured data. Some practical experience gained
with the instrumentation system in the laboratory and in flight is
described. Finally a check on the applicability of the method is made

for a single-engine, propeller-driven aircraft.
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Introduction.

This paper may be considered as a continuation of a paper presented
in 1964 at the Third International Flight Test Instrumentation Symposium,
Ref.l. The subject of the discussions in both papers is a new flight
test method, based on high-accuracy measurements in non-steady flight.

Whereas Ref. 1 contained a description of the instrumentation system
developed for the flight test method, the present paper starts with a
discussion of some theoretical aspects of the method. In particular two
subjecté will be dealt with: firstly the method of regression analysis,
which forms the backbone of the flight test method and secondly the
numerical method used to calculate the angle of attack during a non-
steady manoeuvre.

As\regards the results of experiments to be presented, two laboratory
experiments will be discussed first. These tests were made to evaluate
the accuracy to be obtained with the instrumentation system under
favourable conditions. Thereafter flight test were made. The results
of these tests, however, have yet not been fully analyzed at the present
time. The discussion of the flight test results therefore has to be
somewhat less complete than might be desirable. Finally a short review
of some, experience obtained so far, will be given.

In order to provide a yardstick against which the results of the
flight test method can be measured, it is thought useful to repeat here
what has been said in Ref. 1 about the aims of the method.

"Restricting the method to symmetric flight, it might be possible

to derive in an ideal case, from measurements during one non-steady

manoeuvre, the aircraft characteristics indicated in Table 1,

pertaining to the aircraft configuration as used in the manoeuvre

and to the ranges of airspeed and angle of attack covered during

the manoeuvre."

Table 1. Ajircraft characteristics to be determined

from measurements in non-steady flight.

1. Rate of climb in steady flight, as a function of airspeed.

2. Polar curve, CL VS, CD'

3. Elevator angle to trim in steady flight, as a function of airspeed.
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4. Stick displacement per'g"in manoeuvring flight.
5. Longitudinal stability derivatives, including those with respect to

change of airspeed.

Some theoretical aspects of the flight test method.

2.1. The method of regressionanalysis.

a. Equations of motion of the aircraft.

Analysis of the flight measurements is based on the non-linearized

equations for the symmetric motions of a rigid aircraft, Fig. 1:

-W sin © + X = m(4 + wq)
Wcos © +Z=m(w - uq) (L
M= Iy.q
In these equations, X and Z are the total aerodynamic forces along the
body-fixed X- and Z-axes and M is the total aerodynamic moment about
the Y-axis.

As can be seen from Fig. 1, X and Z are composed of contributions
from the 1ift L, the drag D and the thrust Tp. Specially impor;ant is
the fact that an accelerometer having its sensitive axis along the X- or
Z-axis, senses precisely the component X or Z of the total aerodynamic
force R along that axis.

If Ax and Az are the "specific forces" indicated by the two
accelerometers, then:

A =% (2)
x_m

(3)

3N

A =
z

where m is the mass of the aircraft, as in (1). In this respect there
is a direct parallel with the aerodynamic moment M, which follows from

the angular acceleration:

q=3 o
y

S U



\

‘Using (é) and (3) the aerodynamic forces X and Z can be derived from the
specific forces Ax and Az measured in flight. To obtain the aerodynamic
moment M from (4), the angular velocity q is differentiated digitally
when ‘analyzing the data. The polar moment of inertia Iy of the aircraft

has to be determined separately, preferably from experiments.

b. Aerodynamic coefficients.

The three aerodynamic quantities X, Z and M will now be considered
in more detail, taking the longitudinal force X as an example. From Fig.l
follows:

X = Tp cos ip + L sinQ - D cos O

2
Dividing by 3pV'S:
I

_ . in o
CX Tc cos 1p + CL sin CD cos O (5)

A parabolic polar curve (CD vs. CL) is assumed:

©, - cLl)2
LR e ©
where:
¢y = ¢y @ - @) : Q)

Substituting (6) and (7) in (5) yields after some rearrangement:

c.=0C6 '+ ifi T + 355 o + ifi az
X~ X b) e o 2 °
[+ c o
or:

|
I 2

c,=C_,'+C . T +C, .0 +¢C Ko AN (8)

X Xo XT c Xa Xa2

Terms in (8) containing powers of Q higher than the second have been .

2
neglected. In (8) C_, T , & and & are the variables derived from flight
X c

measurements. The constant CX and the partial derivatives CX , CX

Q T e
c




and CX 2 have to be determined from the measurements by subsequent |
[0/

analyses.

Direct measurement of the'propulsive thrust Tp or the thrustcoef-
ficient Tc is rather difficult. Therefore, an auxiliary variable is

Pt

21

$ov
in total pressure at a somewhat arbitrary point in the slipstream:

introduced. This is the pressure ratio

where AI% is the increase

In order to avoid variations in P, due to sideslip and angle of attack
s
effects, p is actually measured at two diametrically opposite points
s
in the slipstream, Fig. 2.

; and T can be written as:

The assumed relation between
' 3oV

A P,

2

=a + d.T (9) :
c

3oV

where a and d are constants. This expression should be valid for the

rather limited range of Tc values encountered in one manoeuvre at a

constant power setting.

4p
Replacing Tc by ; in CX by means of (9) yields:
3oV
Apt 2
c,=C, +C . +C,6 .+ C Q (10)
X Xo XApt %pvz Xa Xa2

Finally assuming propeller efficiency to be reasonably constant
during the manoeuvre, (9) can be written as:

Ap
L asb . 2 (11)

p)
3ov 3ov

where a and b are constants and P is the engine power. Provided a and

Ap

b are known, (l1) permits g to be calculated for a given airspeed,
3oV

altitude and engine power.
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It may be noted that in the expression (10) for CX' the variable

Ap
could have been used instead of g,
3ov" Ap, 3pv

using 3 lies in the fact that any fine variations in thrust affecting

to replace Tc' The point in

3oV

Cx should be more directly apparent from corresponding variations in

4p

3oV

P
5
3oV

3 than in

In a manner similar to the one shown for CX’ expressions for CZ and

Cm can be derived:

Ap —
t qc
cC,=C_, +C . +C_ .Qa+C_ ._—+C_.d0 (12)
Z Zo ZApt épvz %1 Zq \ Z6 e
Ap o—
C =C +C  .—Lt4+c as+c . E,ic 5 (13) -
m m m 2 L 4 m, e
) 4p, 3oV )
Oc aqc . . .
The terms proportional to T and oe as introduced in CZ and Cm will
be well-known to those familiar with the theory of the dynamic stability
Ap -
of aircraft. Quite often the terms C and C_, . ac in C_ may be
z 2 z \ Z
8p, 3oV q
neglected. For many aircraft the centre of action of the force CZ .6e
) 9]

due to elevator deflection can be estimated with some accuracy from
geometric data. Assuming this point to be at a known distance {h behind

the aircraft's centre of gravity, CZ is found from the moment derivative
S)
Cm by
s)

The above expressions (10), (12), (13) and (11) for CX' CZ’ Cm and
Ap
5 represent the mathematical model for the aerodynamic behaviour of
3oV Ap,

the aircraft during a test manoeuvre. The variables C_, C,, C , ——,
X Z m épvz

a!

dc qc P .

v v 6e and —3 have to be measured during the manoeuvre. From these

- 3ov '

measurements the constants CX , CZ y Cm and a and the partial derivatives
o o o

L L L 1 L W g R L
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XAp - Xaz’ CzApt etc., have to be determined.

Assuming now for a moment that this part of the analysis has been
completed, the data mentioned in Table 1, such as rate of climb, trim
curve etc. can all be computed quite easily. These calculafions are

not discussed here.

c. Regression analysis.

The problem to be considered next, however,is how to find the
unknown constants and partial derivatives in the expressions for CX,
p

t

5
3oV
regression analysis, which is based on the least squares principle,

The method used to solve this problem is the so called

CZ, Cm and

Ref. 2,3,4. As has been mentioned in Ref. 1, this method is also used
to express the calibration curves of the instruments in a polynominal
form. Because of the extensive use being made of regression analyses

in this context, a discussion of the method seems appropriate.

Ap

Cm and can be written

The previous expressions for CX’ CZ, 2

in a general from: 3ov

Y = a + alxl + azx2 R amx (14)

where Y and Xi (i=1, ..., m) now are the known, measured variables

and the so called regressioncoefficients ai(i = 0,1, ..., m) are the

quantities to be determined. It is assumed that n different groups

of values of Y and Xi - each group pertaining to a certain instant in

time - are available, where n > m. In the examples to be discussed

later, n may be approximately 150, whereas m is not greater than 5.
The least squares principle requires that the coefficients ai be

chosen in such a way that:

S = Zi { Y - (ao + alx1 + ...+ amxmi} = min (15)

Therefore:

28 _ o : (16)



and:

=0 an

In the actual computation of the regressioncoefficients ai a simplific-

ation is obtained by subtracting from each variable its average value:
y=Y—§'-

X, =X, -X
i i i

From (16) follows quite easily:

a°=Y— (alx1+ eree. +a2aX)

This means that ao can be found as soon as the remaining ai(i=1,...,m)

are known.

The general expression (14) can now be written as:
y=ax b +oax,

It is of interest to consider the deviation Ady:

Ay

I
<
l
~
o
-
I
[
+
+
»
w
~

Y - (ao+a1X1 £ ame)

Using this deviation, the sum S to be minimized according to (15) is:

S:Z Ayz
n

If the measured data fit the expression (14) exactly, the result is:

Ay =0

The quality of the adaptation of the formula (14) to the measured data

is expressed by a so called total correlationcoefficient R, defined by:

i 2 ZAyz
R =1 - 5
Zy

R O



-8 -

In the ideal case, when & y = O, R attains its maximum value: R™= l.- -~

If the data do not fit the formula at all, R is at its minimum: R = 0.
Some typical values of R obtained when applying regression analyses to

instrument calibrations and flight manoeuvres are given in Table 2.

Table 2. Values of total correlationcoefficients R.

Application - R
Calibration of rate of pitch gyro 0.999 999 95 __
Calibration of accelerometer 0.999 999 5
Calibration of pressure transducer 0.999 995

Apt
Expressions for CX,CZ,Cm or épvz 0.995

If a given set of data points is fitted to several different expressions
of the type (14), the total correlationcoefficient indicates which of
these expressioﬂs provides the-best fit to the given data. As a practical
example, it is often desirable to know wﬁether the inclusion in the
expression (14) of a new variable X‘j having a small influence on Y
actually improves the mathematicgl represen;atiod'of the given data.

The total correlationcoefficient may provide an answer _to_such a
question.

All actual calculations are performed on a digital computer. But
not only the regressioncoefficients are provided by solving the
equations (16) and (17). The value of R will be computed as well and
it is also quite useful to have the computer prepare a list of the n
deviations- 4 y. If by chance an error has crept into the measured data,
a low value of R may at once give an indication of such an occurance.

Usually the list of deviations shows the exact location of the error.

Regression analysis can provide still more information on the
quality of the measurements. For instance some idea of the probable

error in the regressioncoefficients ai can be obtained.

Fd
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To explain this point, let us suppose we try to describe the

variations of X1 about its average value fl,by the linear expression:
x. =b X + e b X (18)

The "best" values of b12' N blm can again be determined on a least
squares basis. Usually the expression (18) is not all true. Therefore,

the deviations

Fay = - Xy F e .
xl Xy (b12 x, + + b xn)

are not. nearly equal to zero for all n data points. Like the total

correlationcoefficient R, a partial correlationcoefficient R. can now

1
be defined:
2 ZAxlz
= - ——— < <
Rl 1 5 5 0s Rl‘ 1
X
l .

The value of R1 indicates the extent to which xl is a linear function of
the other variables xi(i=2,....,m). Rlalcorresponds to a peffect linear
relationship.

The importanée of the partial correlationcoefficient can be seen
from the following. It can be proved that, under certain rather
restrictive conditions, see Ref. 2,3,4, the variance of the regression-

coefficient as if it could be determined many times from a great number

of sets of data points, each set consisting of n points, is given by:

2 2 2
2 1 Zay 1 Zy“(-rY)
% = nom-1 ° — 2 nom-1 ' 2 2 (19)
1 ZAxl le (1-R;)

In the same way as R a partial correlationcoefficient Rz can be

1!
introduced by letting:
x2 = blel + b23x3 Foeaneen + b2m'xm
and:
sz = x, -(b + b Xo 4 veens + b X )

21" %1 23°%3 2m" *m

Then the partial correlationcoefficient Rz is defined by:

T R T P T

g

T T T
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2 Z:Atxzz
X
2
The variance of az then is:
2 2
s 2. _1 Zay” _ 1 Zy2.a=x? (20)
&y n-m-1 Zszz n-m-1 X xz2 . (l—R22) .

It will be clear that for each of the m variables Xi a partial
correlationcoefficient Ri can be defined. The variances of the regres-
sioncoefficients ai(i=l,....,m) are given by expressions like (19)

and (20).

Finally the variance of ao can be written as

o 2oL Zaso_ L 2s2axY
a
o) n-m-1 n-m-1 ’

d. Interpretation of the correlationcoefficiénts.

The meaning of the correlationcoefficients introduced in the previous

paragraph may be illustrated by the following remarks.

Accurate results of the measurements - as indicated by small values

2

of Ua - require accurate measurements and a good mathematical model,
i .

in order to obtain a high value of R. An equally important but less

evident requirement, however, says that the partial correlationcoefficients

Ri shall be as low as possible.

This second requirement simply means, that none of the variables Xi

is allowed to be a linear function of some or all of the other variables

Xi' The less -the variables are linearly dependent, the higher is the
accuracy with which the regression coefficients can be obtained from
measurements of a given accuracy.

In this connection the introduction of a ne& variable XJ into the
expression (14) has to be mentioned again. It may well be that its
inclusion increases the total correlationcoefficient R, indicating a

better fit of the mathematical model to the measured data. Quite often,

5
;
;
|
i
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however, the new variable causes the variables Xi(i=l, ..... ,m+1) to be
more linearly related, as evidenced by an increase in some or all of the
partial correlationcoefficients. The result is a reduction in the
.accuracy of the regression coefficients ags indicated by an increase in
the variances g, 2. In such a situation it may be preferable to choose

a less complete %athematical model for the measured data, thereby
improving the accuracy with which the remaining coefficients a; can be
determined.

When applying the foregoing to_ flight measurements, the different
Qc qc . .

vV etc. Unfortunately it is not
possible to vary these components of the aircraft's motions entirely

Xi represent the variables Q,

independent from one another. The equations of motion of the aircraft
mentioned éarlier determine how the changes in the different variables
are refated.

S?me influence, however, can be exerted on the magnitude of the
partial correlationcoefficients, by making a judicious choice of the
elevator deflection as a function of time.

To study this subject further, see Ref. 5, two manoeuvres were
simulated digitally. The different variables in these manoeuvres were
used as if they had been obtained from actual flight measurements. The
data were mutilated in various ways to simulate measurement errors.
Applying regression analyses to these "measured" data, the regression
coefficients ai were found which could be compared to their exact
values as used in the initial calculation of the manoeuvre.

In this study it was found that the expressions for the variances

2 '
Oa do not hold too well quantitatively, especially not if the
i .
correlationcoefficients R and R, do not differ very much in magnitude.

Nevertheless it became quite cliar that the accuracy of the regression
coefficients strongly depends on the magnitude of the partial
correlationcoefficients. It appears then, that every effort should be
made to perform a manoeuvre which results in the lowest possible values
of Ri' This holds specially true for those expressions (14) where Y is

a function of many variables X, , as is the case for the aerodynamic

i

o s s 14
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moment Cm. The form of the manoeuvre finally chosen in Ref. 5 bearing

this idea in mind is shown in Fig. 3.

A method to determine the angle of attack in a non-steady manoeuvre. B

The quality of some instruments used in the instrumentation system

is such as to suyggest a somewhat unorthodox method to determine the angle

o s s 14

of attack ¢ during a non-steady manoeuvre. Actually, angle of pitch O,
rate of climb ﬁ and flight path angle 7 are obtained as well. The method
may be characterized very briefly as follows.

The angle of attéck»d is found as the difference between the angle

of pitch and the flight path angie. The former angle can be obtained
by integrating rate of pitch, the latter is determined from the horizontal
and the vertical components «f the aircraft's velocity vector. These two
velocity components are derived by integrating the horizontal and
vertical accelerations. Integrating the vertical acceleration twice
yields the vertical displacement or change of height. Now the horizontal
velocity as well as the change of height can also be obtained from
pressure measurements. This redundancy in the data available offers the
possibility to correct for a few errors in the velocity components found
from integrations.

The method appears to have a few advantages over more conventional
methods to determine the same variables:
1. an internal check on the accuracy of the instruments is obtained,
2. no separate instrument is needed to measure the angle of attack,
3. the rather time-consuming calibration in flight of an angle of attack

indicator is eliminated.

This section contains a description of the method. From Fig. 4 follow
expressions for the horizontal and vertical accelerations:

a =A cos © +A sin O
hor X z

(21)

a = A si - A -
vert X in @ z cos © g

where © is found by integrating ©, as indicated in Ref. 1:
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t
o = 9(0)// (q cos ¢ - r sin @)dt
. o
Integrating a, op Once yields the change in change in horizontal velocity
uU: £
U(t) - U(o) =//' (Ax cos O + Az sin Q)dt (22)

o]

Also, the rate of climb and the change in height.are obtained by

integrating avert:
t
! ﬁ(t) = ﬁ(o) + /[ (Ax sin @ - Az cos 8 - g)dt
. [} t
h(t) - h(o) = h(o).t +/47 (Ax sin © - AZ cos © - g)dt2

© (23)

In flight, the change in horizontal velocity and the change in height

can be deduced rather accurately from pressure measurements. It is

estimated that changes in the velocity occurring over an interval of

30 - 60 sec. at a level of about 60 m/sec. can be obtained in quasi-

steady flight with a possible error not greater than 0.1 m/sec.,

whereas[changes in height over the same interval can be determined

as accurately as 0.1 m.

Now U(t) - U(o) as well as Ah = h(t) - h(o) can be found in two

entirely different ways. They can be determined by integration

according to (22) and (23) and also from pressure measurements. In an

ideal case the two methods should give identical results. The differences

in resglts occurring when using actual measurements may be ascribed to

certain sources of errors, known - or thought to be known - beforehand.

The pr;ncipal sources of errors in the determination of ahor and 2 ort

are:

1. An error in 6(o): A6(o)

2. a zéro—shift in the calibration - formula of the rate of pitch gyro:
A<10 )

3. an error in the initial rate of climb: Ah(o)

4. a zero-shift in the calibration-formula of the Z-accelerometer: AA
z

B0 o i ks i s B e
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It is possible then, to construct an "error-model", relating the error
in the change of horizontal velocity AU(t) and the error in the change
of height A A h(t) to the four sources of errors listed above. This error-
model is expressed by:

t
AU(L) = -p6(o) / (-Ax sin © + Az cos 9)dt - Aqo/(Axsin o + Azcos Q)tadt

o
t (24)

AAK(t) = A}.I(O).t - Ae(o).// (Ax cos 6 + Az sin Q)dt2 +

t o t
2 2
_Aqo[/ (Ax cos © + AZ sin ©)t dt  + AAZO/] cos © dt (25)

Considering U(t) - U(o) and A h(t) as found from pressure measurements

as the exact values, the errors AU(t) and A A h(t) can be found by
comparing the exact values with those computed from (22) and (23). The

variable coefficients of A®(o), Aa_, AR(o) and AA_ in (24) and (25) l
o
also are obtained quite easily from the measurements, using the digital

computer. Applying the technique of regression analysis once more to
(24) and (25), it is a straightforward matter to determine the unknown

A©(o) and Aqo from (24) and Afl(o) and AAz from (25).
[}
Improved values of q(t), ©(t) and h(t) are then obtained by applying the

corrections just found to the measured data. Finally the angle of attack

a is computed from:

Q=0 - arc tg%l (26)

Results of experiments.

Introduction.

This part of the paper contains the discussion of some results as
obtained by applying the foregoing theory to measurements with the
instrumentation system described in Ref. 1. It may be useful here to

mention briefly a few particulars of the instrumentation system, Fig.5.
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It contains some 15 transducers which are scanned according to a fixed
program at a rate of 80 points per sec. The entire scanning cycle
consisting of 192 measurements, lasting 2.4 sec. The highest sampling
rate used for .a single instrument is 10x per sec, the lowest is once

per 2.4 sec. All transducer outputs are DC voltages in the range of

0-10 V. These voltages are filtered and then converted by a digital
voltmeter into a 4 decade BCD number. The accuracy of the digital
voltmeter is 0.0lo/o of full range + 1 bit. Recording is done on magnetic
tape. All analyses of recorded data are performed on a high-speed digital

computer.

Laboratory tests.

a. Tests on an oscillating table.

Ip order to test the theory described.in section 2.2 on the
determination of the angle of attack, a few experiments were made in
the laboratory.

The accelerometers and rate gyro's of the instrumentation system
were mounted on a rigid boom, extending about 2 m from the axis of an
oscillating table. The table was oscillated approximately like the
aircraft during a manoeuvre in flight. During the oscillations, lasting
about 25 sec., all output signals from the instrumentation were recorded.
Also the angle of tilt of the table was recorded by means of the
transducer normally used in the instrumentation system to measure the
elevator angle of the aircraft in flight. Fig. 6 shows to the left the
instrumentation system and to the right the oscillating table with the
boom carrying the instruments.

The "exact" horizontal velocity of the accelerometers and gyro's as well
as the' height above a reference level were calculated from the angle

of tilt of the table and from the distances of the instruments to the
axis of rotation. These exact values could then be compared with those
found by integrating Ax, AZ and O, according to (21), (22), and (23).
Using the error-model (24) and (25), values of Ao(o), Aqo, Anh(o) and

AAZ were found.
o
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If the sources of errors allowed for in the error-model are indeed the
only ones present in the experiment, the changes in horizontal velocity

and height found by integrating the corrected values of a , a and

. hor vert

h(o) should be identical to the "exact" values. Fig. 7 presents some
results of these laboratory experiments. Fig. 7a shows the rate of pitch
q during the manoeuvre. From Fig. 7b and ¢ it can be seen that the errors
in the change in horizontal velocity and in height before applying any
corrections amount to 1,4 m/sec (4.6 ft/sec) and 1,5 m (4.9 ft)
respectively after 26 sec. Finally, Fig. 7d and e indicate that these
errors are reduced to not more than approximately 0,002 m/sec (0.007

ft/sec) and 0,004 m (0.013 ft) respectively by applying the corrections

found from the error model. The r.m.s. values of the remaining errors

are:v A© 2 = 0.0550, V AU 2 = 0.0012 m/sec (0.0039 ft/sec) and
VAAh 2 = 0.0021 m (0.0069 ft).

Four of these manoeuvres were recorded and all yielded similar results.

by

In particular the instrument errors Aqo and AAz were found to repeat

véqy well, see Table 3. °

Table 3. Instrument errors Aqo and AAZ as found
o
from tests on an oscillating table

Manoeuvre A a °/sec A Az
o

1 -0,0242 -0.000440

2 -0,0237 -0.000436

3 © -0,0242 -0.000502

4 -0,0226 -0.000475

b. Tests in the lift-cage of a tall building.

The determination of angle of attack according to the intended method
requires the accurate measurement of the change of height during a flight
manoeuvre. To satisfy this requirement a special instrument was developed,
see Ref. 1. In order to facilitate the understanding of the following, a

brief summary of the principle of operation of this instrument is thought



- 17 - .

usefulfhere.

The main components are a sénsitive differential pressure gauge and
a ther@osflask, Fig. 8a. When the interior of the thermosflask is shut
off from the atmosphere, the pressure gauge becomes sensitive to changes
in atméspheric pressure, the pressure of the air enclosed in the flask
serving as a reference level. In order to avoid overstressing ofﬂthe
pressure gauge due to too large changes in height, the entire system
consists of two identical halves Fig. 8b. During most of the time only
one halve is in operation, or active, while the other one is passive.
When the active part approaches the limits of its range, due to prolonged
ascendlng or descending of the aircraft, the other part is brought into
action.as well. During a few tenths of a second both halves operate
simultaneously, measuring the same changes in atmospheric pressure.
Thereaﬁ;er, the up to then active part is brought to rest and the active
role is taken over entirely by the second halve. The action of switching
the two parts at the correct instants hés been made fully automatic. It
may beAmentioned in passing that, as the result of flight measurements,
the range of the differential pressure gauges has been increased to +5
mbar, as opposed to the + 2 mbar mentioned in Ref. 1.

The analysis of the recorded pressures is somewhat more complicated
than may appear at first sight. This is due to the fact that every
pressure change in the thermosflasks is accompanied by a change in air
temperature, caused by the slight expansion or compression of the air.
The contact.of the air with the wall of the flask, however, causes the
air temperature to return to its original value in due time. The variation
in air temperature due to the heat exchange with the flask continues even
when tHe flask has been shut off from the atmosphere. The changing air
temperature in this situation causes the pressure in the flask to vary.
As it i's precisely this pressure that serves as a reference in measuring
the changes of atmospheric pressure, the desired accuracy of the system
can only be attained if these temperature effects are fully corrected for
in the analysis of the measurements. A brief calculation shows that an
uncorrected variation of only 0.003°C in the air temperature inside the

flask causes an error in height of about 0.1 m at low altitudes.
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It has been tried out experimenfally how far these temperature
corrections can be succesfully applied. To this end it was necessary to
change the altitude of the entire instrumentation system sufficiently
to bring both parts of the pressure system into operation one after
another, Yet the vertical displacements had to be measured with an
accuracy an order of magnitude better than the hoped for accuracy of

the pressure measuring system, leaving an allowable error of a few

‘em's only.

These requirements could be satisfied quite well, using a lift
in the building of the Department of Aeronautics of the Technological
University at Delft. The vertical displacement possible with the lift
is about 48 m (160 ft).

In order to simplify the tests, no measurements of the cage
altitude were made. Only when the lift-cage had stopped, the exact
altitude was known. When the doors of the lift had opened, the
pressure in the cage could be assumed to be equal to the static
pressure at that height. The tests were made, still using the pressure
gauges with a range of + 2 mbar.

Several runs have been fecorded. Fig. 9 shows the results of one
of these. The particular motion the cage went throught has been
indicated in Fig. 9a. The total change in height was such that
switching between the two halves of the pressure measuring system
occurred twice. It can be seen from Fig. 9b that during those parts
of the recording period where the height was constant, the error in
height determined from the pressure measurements generally was within
0.1 m. Also it may be noted that this accuracy was obtained over an
interval in time lasting about 100 sec, which is more than twice the

duration of a flight manoeuvre.

Measurements in flight.

a., Determination of the angle of attack.

Turning to flight measurements now, two different sets of results

will be discussed. The first of these bears on the determination of the

angle of attack during a manoeuvre.
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Fig. 10 presents the results of a recofding made in nearly steady,

level flight. The analysis of these measurements was performed according
to the theory described in section 2.2. By integrating rate of pitch,
verticél and horizontal accelerations, it was tried to duplicate the
changeé of altitude Ah and horizontal velocity U, derived from pressure
measurements. The initial values of angle of pitch 6(o) and rate of '

climb h(o) as well as the zero-shifts Aqo and AAz were adjusted to
o
this end. Fig. 10 shows the results of this procedure. The r.m.s. values

of the remaining errors A U and AAh are 0.058 m/sec (0.19 ft/sec) and
0.078 m (0.26.ft) respectively. The effect of imperfections in the
pressure measurements is also included in these figures.'It may, therefore,
be concluded that small changes in pressure-derived altitude and airspeed
can be matched very well by inertial measurements in nearly steady, level
flight. The time-history of the angle of attack followingvfrom these
measurements, according to (26), is shown in Fig. 1Oe.

The results are not yet so favourable if a non-steady manoeuvre is
analyzed, see Fig. 11. The changes of horizontal speed and height to be
matched by the inertial measurements now are somewhat larger, Fig. lla
and ¢, and so are the remaining errors AU and AAh, Fig. 11p and d. The
r.m.s.,values of AU and AAh in this example are 0.12 m/sec (0.39 ft/sec)
and 0.29 m (0.95 ft) respectively. i )

The exact causes for these errors have not yet been determined.

From the results of several manoeuvres plotted in this way, it has become
evident, however, that the general shape of these error-curves repeats
quite systematically. In the AA h-t curve. Fig. 11d, the curve of Az or
CZ against time may be recognized. It is expected, that a better knowledge
of the underlying sources could eventually lead to a more complete

elimination of these errors than is possible at the present time.

b. Results of regression analyses, based on flight measurements.

At the time of writing, a series of experiments has been completed
recently. During 8 flights more than 200 manoeuvres were recorded. It
is yet'too early to present a complete picture of the results. Therefore,

only some results obtained from one manoceuvre will be discussed here.
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The variables of interest, as derived from the flight measurements,
havé been plotted in Fig.l12. Using these variables a series of regression
analyses was performed, according to the theory given in Section 2.1.

It may be of interest to discuss some of the results of these regression
analyses in more detail.

The measured variations of CX were fitted to the expression:

+C_ O+ C Q (10)
LoV a

as mentioned in Section 2.1, and also to:

Apt 5 gg
\'A

c,=C, +¢C . ——+C 0+ C, 07 +C, .. (27)
2 2 .
X X, xApt 3oV X Xy X

in order to see whether a non-steady effect exists in the variations

of CX' égis is a case where the effect of the addition of a small term

- de. 7 in the expression for CX - is considered. It turns out that
the total correlationcoefficient hardly improves when the new term is
added. R.ipcreases from 0.99868 to a new value 0.99875. The implication
is that %E only has a very small influence on CX' This fact is affirmed
by the low value of the coefficient CX' found. The partial correlation-

[0
coefficients do not change very much either. They have been given in

Table 4.

Table 4. Partial correlationcoefficients of the

variahles in the expression (27) for CX'

RApt ‘ 0.15870
Ry, 0.98958
Ry2 0.98965
R;, 0.50478

ac
2 v 2
correlation with A;%/épv , @ and @”. This explains why the includion

It follows from this Table, that has only a rather low linear

[0
of VE in CX does not degrade the determination of the other regression
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coefficients. These coefficients remain practically unchanged when the

07
term C_ . < is added.
Xd v

The deviations A(& between the measured values of Cx and those

predicted by the formula were also studied:

X X

Ap, AoV 04 0] 07

t
Fig. 13b presents the results obtained initially. It appears that acy
does not vary randomly during the manoeuvre, but shows some resemblance
to the’variations of Cm, see Fig. 12. This similarity proved to be due
to the fact that the X-accelerometer was mounted a small distance

(0.25 W = 10 in.) below the aircraft's centre of gravity. The accelero-
meter therefore sensed to-a very slight degree the aircraft's angular
accelerations about the lateral axis. When this effect was corrected

for, the deviations D¢, shown in Fig. 13c were obtained. This correction

X
caused 'the total correlationcoefficient R to increase from 0.99653 to
the value 0.99875 mentioned above.
|
Next the analysis of Cm will be considered. In Section 2.1 Cm has

been writien as:
:

Ap

=|&i

q 5

. +C L+ C +C . —+C .b

% sz ma ms, q v m8 e
(13)

t

A regression analyses based on this expression yielded a total
correlétioncoefficient R = 0.99540. The partial correlationcoefficients
turned out as shown in Table 5. '
|
~Table 5. Partial correlationcoefficients of the

variables in the expression (13) for Cm

R 0.99053
| Apt
| &1 0.99555
. Wi 0.99681
! Rq 0.99842
R8 0.96033
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These partial correlationcoefficients are very high indeed. As a
consequence the regressioncoefficients cannot be determined with some

accuracy, as has been discussed in Section 2.1. The coefficients C_ ,

Cmd and Cmq are specially liable to great errors, because the
corresponding partial correlationcoefficients are even higher than the
total correlationcoefficient. This is just another confirmation of the
well known fact that it is difficult to separate all stability
derivativeg_in the expression for Cm'

When %E is deleted as an independent variable in Cm because it is
‘so linearly related to O, %E and Se, the remaining regression coefficient

can be determined much better. The expression for Cm now becomes:

Ap —
C =¢c '+¢ '.—Ltic 'a+c 2L 4rc 5 (28)
épvz m, mq \ me e

where the primes indiéate that the numerical values of the coefficients

are different from those in (13). The regression analysis based on (28)

yielded a total correlation coefficient R = 0.99528, which is only very ;
slightly lower than the value 0.99540 obtained from (13). The partial
correlationcoefficients, however, show a substantial reduction, see

Table 6.

Table 6. Partial correlationcoefficients of the

variables in the expression (28) for Cm.

R 0.58047
Apt

WJ 0.75843

R 0.95123
q

R.. 0.95734
[e]

It will be clear that the regression coefficients based on the simplified
expression (28) for Cm have been used in further calculations.

When the various regression analyses were completed, the aircraft
characteristics mentioned in Table 1 were calculated. These data,

presented in Fig. 14, are the final results obtained from the manoeuvre.
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~

As regards the aircraft's performance, rate of climb as a function
of airépeed was derived, as well as the polar drag curve, see Fig. 1l4a
and b. It should be emphasized that these déta can be considered valid
only w{thin the ranges of airspeed and angle of attack used in the
manoeuvre. Information on the static control characteristics is contained
in the curves showing the elevator angle to trim in steady flight and
the stick displacement per "g" -in manoeuvring flight, see Fig. l4c and d.
Finally the various stability derivatives, calculated from the regression
coefficients, were used to obtain the period and damping of the two
longitudinal modes of the aircraft, again as a function of airspeed,
see Fig. 14e and f£. .

it may be clear that several other characteristics, such as the
positions of the neutral point and the manoceuvrepoint and the various
functiéns might have been calculated as well.

From the foregoing the impression may be gained, at least
superficially, that the aims of the method set forth in Ref. 1 and
summarized in Table 1 of this paper have indeed been obtained. The
results just Qiscussed, however, refer to not more than a single
manoeu;re. Although they are backed up by similar results from a few
other manoeuvres, they must still be considered as preliminary in
several aspects. Only when the majority of the measurements now
available have been analyzed, a somewhat balanced opinion on the flight

test méthod can be given.

Review of experiences with the flight test method. "’

It may be useful to try to summarize here the experiences obtained
so far with the flight test method uhder discussion.

Concerning the instrumentation system, the following few remarks
can be made.

1. The system has proved to be remarkably reliable. Notwithstanding
the reiative delicacy of some of its components no more, or rather less,
trouble was experienced as regards the serviceability of the system than
with several simpler systems operated by the same team. The presént .
system has been in the aircraft for several periods, each lasting a few

months. Operating the system in flight was not unduly difficult. Most
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flight recordings were obtained by students, in the course of their
thesis work.

2. The most critical single factor affecting the accuracy of the
output signals of the system has been the environmental temperature.

For this reason nearly all transducers were contained in thermostatically
controlled boxes. The filter networks were not treated in this way, their
components were selected for their low temperature coefficients. Ageing
of these components proved to have a critical effect on the static
characteristics of the filters.

3. The "one-g" output of the Z-accelerometer and the zero-output of
the rate of pitch gyro appeared to be rather different in flight from
their respective values on the ground. Differences of 0.14 "g" and 0.03
0/sec were noted repeatedly. These differences may have been caused by
vibration effects. No attempts have yet been made to see whether similar
changes in the zero-outputs of the X- and Y-accelerometers occurred as

well. This subject still needs further study.

At the time of writing final results of the flight test method
are scarce. When considering the results as they apply to the De Havilland
DHC-2 “"Beaver" aircraft used for the tests, the following can be said.

1. From the limited data available now, it appears that the aims of
the method set out in Ref. 1 may indeed be realized.

2. A strong impression has been obtained that the method of
regression analysis, used to analyze the aerodynamic characteristics of
the aircraft, is as effective to this end as has been found in the
theoretical study of Ref. 5.

3. Very little indication can be given at the present time as regards
the repeatability of the final results of the method. Also, their
sensitivity to changes in the instrument calibration characteristics has
not yet been determined. Several similar questions must remain unanswered
until the results of further study become available.

4, Preparation of the computer programmes to be used for the analysis
of the recorded data, is a major undertaking. In the analysis great
attention has to be given to a variety of seemingly unimportant details,

in order not to loose the high accuracy offered by the instrumentation
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system.

/
Conclusiofs.

In éhis paper a progress-report has been givén on a project,
intended to develop a flight test method, centered around accurate
measurements in non-steady flight. Work on this project has been
reportedtearlier, at the Third International Flight Test Instrumentation
Symposion.

It has been possible to reach some conclusions as regards the
instrumentation system used. The experience gained, showed that it is
practicable to work to the high instrument-accuracies envisaged when
originating the project. Operating the instruments appears to be no
more difficult than working with more conventional instrumentation

I
systems used for flight test purposes.

As regards the results obtaineq{yhgg_gpplyiﬁg the flight test

method to a particulag/gircraffj/zt seems to be too early yet to make

definite gtateméﬁzs. Some encouraging results have been obtained, but
/mucﬂ/gg;; analysis of flight measurements has to be performed, before

an attempt can be made to reach final conclusions.

)
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FIG.1- THE FORCES AND MOMENTS ACTING ON
AN AIRCRAFT IN SYMMETRIC FLIGHT.-

N

FIG.2: MEASUREMENT OF THE TOTAL PRESSURE
IN THE SLIPSTREAM Pt -




FIG. 3: ELEVATOR ANGLE AS A FUNCTION OF TIME
DURING. A MANOEUVRE.

horizontal:

gravity .

Z-axis -

FIG.4 : ACCELERATIONS ao, AND aye, OF THE AIRCRAFT.
IN THE PLANE OF SYMMETRY. - A, AND A; ARE THE
SPECIFIC FORCES AS SENSED BY THE ACCELEROMETERS.
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FIG. 6 : SET-UP FOR THE MANOEUVRE SIMULATED
IN THE LABORATORY.
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FIG. 7: RESULTS OF THE ANALYSIS OF A MANOEUVRE SIMULATED IN THE LABORATORY
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